PAO1 WT is an invasive microorganism that penetrates MDCK cell monolayers within 3 h of infection, while the mexAB-oprM deletion mutant shows reduced invasiveness of MDCK cells.
In addition to P. aeruginosa, it has recently been reported that other respiratory pathogens, such as Streptococcus pneumoniae (Attali et al. 2008; Rajam et al. 2008; Bergmann et al. 2009 ), Streptococcus pyogenes (Spinaci et al. 2004; Hyland et al. 2007) , and Haemophilus influenzae (Swords et al. 2000; Okabe et al., Epub ahead of print 2008) , can invade epithelial cells. Klebsiella pneumonia and Acinetobacter species may also be invasive, because these microorganisms cause pneumonia associated with bacteremia. The ability to enter epithelial cells is necessary for bacteria to cause invasive infection, and it can also be a mechanism for escaping from antimicrobial agents that cannot penetrate into cells, such as β -lactams and aminoglycosides. Accordingly, an in vitro system is needed that allows us to evaluate the ability of bacterial pathogens to invade respiratory epithelial cells.
For this purpose, we established monolayer systems using BEAS-2B and Calu-3 cells derived from human lungs. In the present study, we compared the invasiveness of P. aeruginosa PAO1 WT and its mexAB-oprM deletion mutant, as well as Salmonella typhimurium SL1344 and a noninvasive rabbit enterotoxigenic Escherichia coli RDEC-1, by using BEAS-2B and Calu-3 cell monolayer systems according to the method that we previously employed for evaluation of P. aeruginosa isolates with our MDCK monolayer system (Hirakata et al. 2000) .
Materials and Methods

Bacterial strains
The bacterial strains employed were P. aeruginosa PAO1 WT (Li et al. 1998 ) and its mexAB-oprM deletion mutant (∆ ABM) (Hirakata et al. 2002) , as well as Salmonella (S.) typhimurium SL1344 (Leung and Finlay 1991) and a noninvasive rabbit strain of enterotoxigenic Escherichia coli (RDEC-1) (Stein et al. 1996) . P. aeruginosa PAO1 WT and S. typhimurium SL1344 are invasive strains that penetrate MDCK cell monolayers within 3 h of infection, while P. aeruginosa ∆ ABM shows reduced invasiveness and E. coli RDEC-1 is unable to invade MDCK cells (Hirakata et al. 2000 (Hirakata et al. , 2002 . Therefore, noninvasive E. coli RDEC-1 was employed as a negative control. The strains were stored at −80°C until use in the study.
Cell lines
MDCK cells, A549 cells (ATCC® CCL-185™) derived from human lung cancer tissue, BEAS-2B cells (ATCC® CRL-9609™) isolated from normal human bronchial epithelium, and Calu-3 cells (ATCC® HTB-55™) derived from the pleural effusion of a patient with adenocarcinoma of the lung were used. All cells were grown in minimal essential medium with 10% fetal bovine serum. Fig. 1 shows a diagram of the monolayer penetration assay. The cells were seeded at 1.5 × 10 5 /well in Transwell filter units (Costar, Cambridge, MA, USA) containing 0.33 cm 2 filter membranes (3.0 µ m pores). Cells were incubated at 37°C in 5% CO 2 for 4-10 days to allow the formation of monolayers, while monitoring the trans-monolayer electrical resistance (TER) with a Millicell-ESR apparatus (Millipore, Bedford, MA, USA).
Monolayer penetration assay
The monolayer that had been cultured for 8 days were infected by adding 5 µ l (3.5 × 10 6 colony-forming units [CFUs]) of freshly grown bacteria, which had been cultured in LB broth overnight at 37°C with shaking at 150 rpm. Bacteria that penetrated the monolayer to reach the basolateral medium were counted by plating appropriate dilutions of medium harvested at several different times.
Statistics
All assays were done in triplicate and experiments were repeated at least three times. Representative results are expressed as the mean ± S.D. The Mann-Whitney U test was used for comparison between groups and P < 0.05 was accepted as indicating statistical significance.
Results
Daily changes of TER
TER was monitored daily between days 4 and 10 after seeding the four types of cells. With MDCK cells as a positive control, the TER reached a range of 1,522.5 ± 939.9 to 1,706.4 ± 878.91 Ω cm 2 between day 4 and 8, and then declined to 1,244.7 ± 828.0 Ω cm 2 on day 10. In the case of A549 cells, TER did not increase, indicating that these cells do not form monolayer with tight junctions under the present culture conditions. On the other hand, BEAS-2B cells and Calu-3 cells yielded TER values ranging from 436.2 ± 16.8 to 628.8 ± 66.3 and 490.5 ± 25.2 to 547.8 ± 21.6 Ω cm 2 , respectively, between days 4 and 10, suggesting that these two cell lines formed monolayers with tight junctions. 
Penetration of the cell monolayer by representative isolates
Using the MDCK cell monolayer, we initially confirmed that P. aeruginosa PAO1 WT and S. typhimurium SL1344 were detected in the basolateral medium by 3 h after inoculation onto MDCK cell monolayers that had been cultured for 8 days, whereas P. aeruginosa ∆ ABM was not detected until 6 h and E. coli RDEC-1 was not found in the basolateral medium until at least 12 h after inoculation.
When BEAS-2B cell monolayer was employed, P. aeruginosa PAO1 WT and S. typhimurium SL1344 were detected in the basolateral medium by 3 h after inoculation (10,275.0 ± 6,242.5 and 2,257.5 ± 1,837.0 CFU/ml, respectively), with the number of P. aeruginosa PAO1 WT being greater than that of S. typhimurium SL1344 at each time of assessment (eg., 67,000.0 ± 9,850.2 versus 28,250.0 ± 7,675.7 CFU/ml at 10 h after inoculation, P = 0.00217) (Fig.  2) . In contrast, only a small number of P. aeruginosa ∆ ABM bacteria were detected in the basolateral medium at 7 h after inoculation (2,450.0 ± 1,424.3 CFU/ml), but E. coli RDEC-1 was not found in the basolateral medium until at least 12 h after inoculation (Fig. 2) . Bacteria were inoculated at 3.5 × 10 6 CFU/well onto the monolayer on day 8 of culture. Bacteria in the basolateral medium were counted by plating appropriate dilutions at several times up to 12 h. Assays were done in triplicate, and results are expressed as the mean ± S.D. Fig. 3 . Calu-3 cell monolayer system. Penetration of Pseudomonas aeruginosa PAO1 WT and its mexAB-oprM deletion mutant ∆ ABM, Salmonella typhimurium SL1344, and Escherichia coli RDEC-1 through the Calu-3 cell monolayer. Bacteria were inoculated at 3.5 × 10 6 CFU/well onto the monolayer on day 8. Bacteria in the basolateral medium were counted by plating appropriate dilutions at several times up to 12 h. Assays were done in triplicate, and results are expressed as the mean ± S.D.
In case of the Calu-3 cell monolayer sytem, P. aeruginosa PAO1 WT was detected in the basolateral medium by 3 h after inoculation (14,750.0 ± 9,912.1 CFU/ml) and P. aeruginosa ∆ ABM was found by 4 h after inoculation (17,250.0 ± 1,707.8 CFU/ml) (Fig. 3) . In contrast to the results obtained with the MDCK and BEAS-2B cells monolayer systems, S. typhimurium SL1344 only appeared in the basolateral medium from 6 h after inoculation, and the number of bacteria was always smaller than for the two P. aeruginosa strains at each time of assessment (eg., 47,000.0 ± 12,850.5 [WT] and 37,500.0 ± 2,886.8 [∆ ABM] versus 17,250.0 ± 9,142.4 [SL1344] CFU/ml at 7 h after inoculation, P < 0.0001 and 0.00315, respectively). Similarly, only a small number of E. coli RDEC-1 were detected in the basolateral medium at 8 hours after inoculation (9,375.0 ± 2,173.4 CFU/ml) (Fig. 3) .
Discussion
The present study has demonstrated that BEAS-2B and Calu-3 cells form monolayers with tight junctions, as judged by the TER values of the BEAS-2B and Calu-3 cells. Because the TER for A549 cells did not increase above baseline, these cells did not seem to form a monolayer with tight junctions in the present culture system. These findings suggest that monolayers of BEAS-2B and Calu-3 cells could be used for evaluation of bacterial invasiveness, while A549 cells are not suitable for this purpose. In addition, BEAS-2B and Calu-3 cell monolayers showed smaller variations of their TER values than the MDCK cell monolayer.
Interestingly, the number of bacteria recovered from the basolateral chamber showed some differences between BEAS-2B and Calu-3 cell monolayer systems, depending on the test strains. The timing of detection and the bacterial count in the basolateral chamber were similar for the BEAS-2B and MDCK cell monolayer systems, but the results obtained with the Calu-3 cell monolayer system were quite different. S. typhimurium SL1344 showed poor invasiveness in the Calu-3 system, while this microorganism demonstrated strong invasiveness in the MDCK and BEAS-2B systems. The BEAS-2B system seemed to be more stable since noninvasive E. coli was not found in the basolateral medium within 12 h and the mexAB-oprM deletion mutant (∆ ABM) of P. aeruginosa PAO1 was not detected in the basolateral medium at an early time.
We evaluated bacterial invasion in the present study, but these systems may also be useful to examine changes of infected epithelial cells such as apoptosis or necrosis, and to assess virulence factors other than invasiveness. Because our findings showed clear differences of bacterial kinetics, except for P. aeruginosa, between BEAS-2B and Calu-3 cells, it may be important to choose the most suitable system for each bacterial pathogen.
In conclusion, both the BEAS-2B and Calu-3 cell monolayer systems could be useful for in vitro evaluation of the invasiveness of respiratory pathogens. Future investigations may apply these systems to assess respiratory pathogens, such as S. pneumoniae, Haemophilus influenzae, Klebsiella pneumoniae, and Acinetobacter species, in addition to P. aeruginosa, as well as comparing bacterial virulence between these in vitro systems and in vivo models such as mice with pneumonia.
